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This is a Library Circulating Copy which may be borrowed for two weeks. they defined a pseudo equilibrium constant in terms of anionic fractions, X,
The variations of log K' with the reciprocal of the absolute temperature is shown in Figure 2 for sodium and potassium systems. For any specified temperature and ratio Xg 0 2-/ Xg 02-in the melt, the equilibrium S03 4 2 7 pressure is higher for the sodium system by approximately a factor of SOx compared to the potassium system. High S03 partial pressures are encountered in some chemical industries and anticipated energy conversion systems. The object of this paper is to explore the possibility of using sodium sulfate as a solid electrolyte in a galvanic cell for the measurement of S02/S03 concentrations in the gas phase. Solid sodium sulfate undergoes phase changes at 450 K (V ~ III) and 515 K (III ~ I) (7) . The high temperature form (I) has a modified a -Ca 2 Si0 4 structure (8) which can be visualized as Transference measurements were then performed to determine the relative cationic and anionic contributions to the conductivity. Finally emfs of concentration cells based on Na 2 S0 4 -I were studied.
EXPERIMENTAL MATERIALS:
Powdered, anhydrous, 99.99 percent pure Na 2 S0 4 was used as the material for the electrolyte. Pellets 1.5 cm in diameter and thickness ranging from 0.3 to 0.6 cm were made by double end compression of the fine powder and subsequent sintering at 1090 K for 24 hours. By this procedure pellets with 98 (±1) percent of the theoretical density were obtained • Gas mixtures containing S02' 02 and Ar were prepared in two different ways depending on the concentration of S02 and 02' Test gas mixtures 1, 2 and 7 (see Table I ) were made by mixing separate metered streams of dry, high purity S02' 02 and Ar in a tower packed with glass beads. Test gases 3 to 6 and 8 to 12 were made by passing analysed high 
2) Transference Measurements
The assembly used for transference measurements is schemati~ally depicted in Figure 4 . A Na-Pb alloy containing 5 at pct Na was pl~ced in two B-alumina crucibles, which were covered with alumina lids.
Stainless steel electrical leads passed through holes drilled in the •
center of the lids. The openings in the center and around the lids were closed with a high temperature cement. The crucible assemblies were weighed on a microbalance and placed one on each of the end blocks of a three-block Na 2 S0 4 stack, which was held together by spring-loaded alumina slabs (not shown in the Figure) . Each block of Na 2 S0 4 was carefully weighed before the experiment.
B-alumina is a solid electrolyte in which the transport number of Na+ ions is greater than 0.998 (11) . When a d.c. current was passed from the left to the right through the entire assembly, B-alumina crucibles acted as electron blocking electrodes. The total quantity of current passed was measured by a coulometer. Because of the increased volatility of Na and the tendency of the B-alumina crucibles to stick to the Na 2 S0 4 blocks at higher temperatures, the experiments were done at 700K and
under an inert gas flowing at a rate of 150 ml min . . At the end of the experiment, the assembly was cooled and the B-alumina crucibles and Na 2 S0 4 blocks were reweighed.
3) Studies on Concentration Cells
The emfs of the concentration cell, [3] were measured as a function of gas composition at 973K. A schematic diagram of the apparatus used is shown in Figure 5 . A pellet of Na 2 S0 4 -1 was supported on a silica tube inside a reaction tube held in a vertical furnace. The space inside the reaction tube was separated into two The temperature of the cell was measured by a Pt-Pt (13%Rh) thermocouple.
Platinum catalys~s were hung on hooks on the supporting silica tubes in the constant temperature zone (± ZK) of the furnace in such a way as to contact the two gas streams before they impinge on the electrolyte surface. The presence of catalysts ensured equilibrium within the gas phase.
RESULTS AND DISCUSSION

1) High Temperature Gas Composition
At high temperatures SOZ and 0z in the inlet gases react to form S03' thus changing the gas composition. The equilibrium high temperature composition can be calculated from the standard free energy change (lZ)
for the reaction,
[4] (10]
The value of a can be computed for a given input gas composition repre-sented by no and n A from a knowledge of K4 at the specified temperature 2 r ~ using a digital computer. The high temperature gas compositions calculated at 873K and 973K are summarized in Table I .
2) Conductivity Measurements
The total conductivity of Na 2 The conductivity of Na 2 S0 4 -1 is plotted as a function of the partial pressure of 503 in the gas phase at 873K and 973K in Figure 6 . The conductivity is independent of gas composition over several decades. The plot of log (0 T) against the reciprocal of absolute temperature is linear as shown in Figure 7 . A least mean squares analysis of ~he data gives the following expression for conductivity:
The activation energy for ionic conduction in Na 2 S0 4 -1 is 8l.5(±4) kJ.
This value is lower than the activation energy for ionic conduction -.
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• • Table II . The reversibility of the emf was checked by passing small currents (5~A) through the cell in either direct tion for 2 minutes. It was found that the emf returned to the steady value before the titration in approximately 3 minutes. The emf was unaffected by 50 per cent change in the flow rate of the reference or test gas mixture.
+
Since Na 2 S0 4 -I is an ionic conductor in which Na ions are the mobile species, the emf developed across this material is given by,
where E is the emf and ~'Na and ~"Na are the chemical potentials of sodium on each side of Na 2 S0 4 . Rewriting the chemical potential in terms of activities, one obtains,
The activity of sodium at each electrolyte/electrode interface is fixed by the composition of the gas phase. For the reaction, [14] the equilibrium constant is given by, The response of the cell to changes in gas composition is shown in Figure 9 . Approximately 8 minutes are required for the emf to attain 98% of a step increase. About half this time is required to flush the reaction tube with a different test gas. For commercial application the response time can, therefore, be reduced by minimizing the volume of the test gas inside the probe.
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Since the cell measures the product of two pressures, (PSO .P O ), 3 2 the oxygen pressure must be independently measured, if absolute values for the partial pressure of S03 are required. For most general applications (Le., 8°3/8°2 determination in coal combustion reactors or emission control of nonferrous smelters using sulfide ores) a probe based on Na 2 S0 4 -1 must be coupled with an oxygen probe based on calcia-stabilized zirconia or yttria-doped thoria. An exception exists when the oxygen partial pressure of the test gas is the same as that of the reference gas. The emf is then simply related to the ratio of the partial pressures of S03 at the two electrodes, and the absolute value of the oxygen partial pressure is not required to compute the S03 concentration. This situation is encountered when the cell is used as a pollution monitor for S03/802 in air, as discussed. by Salzano and Newman (3).
An alternate formulation of the electrode reaction can be given as,
The activity of sodium is then related to the equilibrium constant for reaction [18] and the partial pressures of S02 and 02:
,to, • , ..
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.,; ,1... The presence of platinum at the electrodes generally ensures equilibrium in the gas phase, at least in the region adjacent to the electrodes.
However, at lower temperatures or high rates of flow of the gas mixture, non-equilibrium concentrations of gas species may be present. The emf developed with non-equilibrium gas mixtures will depend on the choice of electrode reaction. To determine the most significant electrode reaction, the 3
cell, without test gas mixture was flown at 600 m/min through the the platinum catalysts in the path of the gas mixture. The flow rate of , the reference gas had to be increased
to 280 m/min during this test at 973K to prevent differential cooling of the electrolyte/electrode interfaces. The platinum catalysts were maintained in the path of the reference gas. The emf generated was 35 mV lower than that obtained under equilibrium conditions, indicating that the concentration of S03
in the fast flowing test gas was below equilibrium levels and the reaction at the electrode is represented by 114]. If reaction [18] was more significant than [14] , the measured emf under non-equilibrium conditions should have been higher than that obtained under equilibrium conditions A cell based on Na 2 S0 4 -I when coupled with a commercially available oxygen probe can, in principle, be used as a sulfur probe, provided equilibrium is established in the gas phase in the region adjacent to the electrodes. Under equilibrium conditions the following reaction can be formulated at the electrolyte interface:
2 Na + 1/2 S2 + 2 02
[21]
The activity of sodium is then related to the sulfur and oxygen concentration in the gas: 
